Vibrational spectroscopy [both Raman and INS (inelastic neutron scattering)], coupled to quantum mechanical calculations, was used in order to perform a thorough structural analysis of linear polyamines and polynuclear polyamine metal chelates [e.g. with Pt(II) and Pd(II)] with potential anticancer activity. The complementarity of the Raman and INS spectroscopies was exploited in order to gain a better knowledge of the conformational behaviour of these systems. Moreover, the conjugation of the experimental spectroscopic data to the theoretical results allows us to obtain valuable information on the structural preferences of this kind of system, which may lead to the establishment of SARs (structure-activity relationships) ruling their biological activity. Some of the most significant results obtained by the 'Molecular Physical-Chemistry' Research Group of the University of Coimbra (Portugal) are reviewed here.
Introduction
The activity of a biologically relevant compound does not rely solely on its chemical properties, but it is also dependent on its conformational preferences, which must be accurately determined if thorough understanding of the function and mechanisms through which this kind of system acts is to be obtained. Vibrational spectroscopy is an especially useful technique for achieving this goal, since it yields valuable structural evidence based on the analysis of the vibrational modes associated with each chemical group (oscillator) within the molecule.
Raman spectroscopy, in particular, has proved to be a reliable method for the characterization and conformational analysis of biologically active compounds, apart from allowing an accurate determination of the composition profile of solid samples, since it provides unique fingerprint spectra for each compound [1] . Actually, owing to its non-invasiveness, high sensitivity and good reproducibility, this technique, which does not need any special sample preparation, is becoming a valuable tool in the fields of biochemistry and medicinal chemistry. One of its major advantages for biochemical studies is the fact that water is virtually transparent to the Raman effect, which enables the collection of good quality spectra for rather diluted aqueous samples.
INS (inelastic neutron scattering), in turn, is a vibrational spectroscopy technique particularly suited for investigating highly hydrogenated systems [2] . In fact, since neutrons have a mass similar to that of the hydrogen atom, an inelastic collision between them involves a significant transfer of both momentum and energy, and the modes involving a hydrogen Key words: biogenic polyamine, conformational analysis, linear diamine, polyamine complex, theoretical calculation, vibrational spectroscopy. Abbreviations used: DFT, density functional theory; INS, inelastic neutron scattering; LAM, longitudinal acoustic mode; MPT, mitochondrial permeability transition; SAR, structure-activity relationship; TAM, transverse acoustic mode. 1 To whom correspondence should be addressed (email pmc@ci.uc.pt). displacement will thus dominate the spectrum (the scattering cross-section for hydrogen is 80 barns as opposed to approx. 5 barns for most other elements). Therefore INS allows the detection of vibrational modes not available to the conventional Raman and IR optical methods. In fact, since INS is not subject to the photon selection rules, all vibrations are active. This technique is thus complementary to Raman and IR: while INS yields a clear and intense vibrational pattern in the frequency range below approx. 600 cm −1 , its spectral quality begins to deteriorate above approx. 1800 cm −1 , where Raman spectroscopy becomes particularly useful, namely for the analysis of XH/XD (X = C, N, O) stretching modes.
Furthermore, Raman and INS band positions and intensities can be calculated through theoretical methods {using dedicated programs such as Gaussian, revision B.04 (http:// www.gaussian.com) and aCLIMAX [4] }, leading to an accurate simulation of the spectra. This enables us to link the spectroscopic features to molecular geometry and to achieve a thorough conformational analysis of the systems under investigation. 2 ] , are ubiquitous in cells of higher organisms, and result from the decarboxylation of basic amino acids. Under physiological conditions, these linear amines are totally protonated and behave as natural polycations, capable of interacting with both DNA and RNA [5] . They are known to be implicated in a bewildering number of cellular functions [6] [7] [8] [9] [10] [11] , being essential for eukaryotic cell growth and differentiation, as well as for maintaining the native structure of several biological macromolecules while affecting the activity of others [6, 12] , through tightly regulated concentration-dependent processes. Because of the absolute polyamine requirement for cell growth, interference with polyamine biosynthesis can be a rather promising therapeutic approach against neoplastic diseases. The highly sensitive SARs (structure-activity relationships) that underlie and control this vital biological role of polyamines/polyamine function are very poorly known, which calls for a thorough knowledge of their structural behaviour.
Since Rosenberg's discovery of an unexpected inhibition of cell division in the presence of cisplatin [cis-Pt(Cl 2 (NH 3 ) 2 ], in the late 1960s [13] , the square-planar platinum(II) and palladium(II) complexes have become of increasing importance in the design of new anticancer agents [14, 15] . The multinuclear Pt(II) chelates comprising two or three cisplatinlike moieties [Pt(NH 3 ) 2 Cl or Pt(NH 3 )Cl 2 ] and variablelength polyamines as bridging linkers, in particular, have lately been the target of intense research due to the recognized enhancement of their cytotoxic effect in comparison with the currently used drugs [16] [17] [18] [19] [20] [21] . In fact, many of these complexes were found to yield DNA adducts not available to the conventional alkylating agents, through long-distance intra-and inter-strand cross-links [22, 23] , leading to different types of drug-induced DNA lesions. Since DNA attack by this type of chelate (and consequent cytotoxicity) depends strongly on their chemical nature and structural preferences, a thorough conformational study of these potential antineoplastic compounds, at the molecular level, is essential for a rational design of second-and third-generation anticancer drugs, coupling an improved toxicological profile to a lower toxicity.
The present review reports the use of vibrational spectroscopy, coupled to theoretical calculations [at the DFT (density functional theory) level], for the conformational study of polyamines and their Pt(II) and Pd(II) co-ordination compounds. The biogenic polyamines spermidine and spermine were investigated, as well as the homologous series of α,ω-diamines H 2 N(CH 2 ) n NH 2 (n = 2-10, n = 12) (which includes putrescine, n = 4). Several polynuclear spermidine and spermine Pt(II) and Pd(II) chelates with potential anticancer activity were studied, differing in the metal-co-ordination pattern and in the number and geometry of their leaving groups. The Raman and INS complementarity was exploited in order to gain a better knowledge of the conformational behaviour of these systems. In particular, the low-frequency TAM and LAM (transverse and longitudinal acoustic modes respectively) characteristics of the linear aliphatic amines studied were detected and assigned.
The results obtained from these studies may hopefully contribute to a better understanding of the biochemical function of polyamines and polyamine-based systems at a molecular level, through the determination of the SARs ruling this activity.
Results and discussion

Aliphatic linear polyamines
The homologous series of the linear α,ω-diamines [H 2 N(CH 2 ) n NH 2 ] (n = 2-10, n = 12) and the tri-and tetramines spermidine and spermine ( Figures 1A-1C) were studied in order to achieve a thorough knowledge of their structural preferences, both for their unprotonated and Nprotonated forms [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Several theoretical molecular models were proposed for an accurate representation of these linear polyamines, yielding the best possible agreement with the experimental data (both vibrational spectroscopy results and reported X-ray structures).
These kinds of molecules are characterized by a high conformational freedom, and by an interdependence of the particular effects due to the nitrogens' electronegativity and electron lone-pairs. These lead to the formation of intraand inter-molecular hydrogen bonds (e.g. R-HN . Actually, these hydrogen-type bonds were clearly evident by the shift to low frequencies detected for the Raman NH 2 stretching bands when going from the pure liquid to the condensed phase [24] .
Since biogenic amines are physiological polycations, the effect of protonation on their conformational behaviour was investigated by analysing the corresponding vibrational pattern as a function of pH (Figure 2A ). In the totally Nprotonated state, only the all-trans conformation was found to occur, thus hindering the formation of intramolecular (N)H ... :N or (C)H ... :N hydrogen bonds. Under these conditions, the linear polyamines behave as saturated alkanes, for which the all-trans geometry has long been recognized to be energetically favoured over the gauche ones [34] .
Deuteration of the samples allowed an unequivocal assignment of the NH 2 oscillators. In fact, this led to the anticipated shifts to lower frequencies of the NH 2 /ND 2 stretching modes in both INS and Raman (as well as to the loss of some INS intensity), as a consequence of the variations in both mass (frequencies) and scattering cross-section (INS intensities) ( Figure 2B ). The analysis of the C-H stretching region of the Raman spectra allowed us to conclude that N-deuteration does not significantly affect the intermolecular forces and hydrocarbon flexibility of the linear polyamines, as opposed to N-protonation, which leads to a marked increase in the rigidity of these systems [29] .
Furthermore, the complementary use of the Raman and INS techniques allowed the observation and assignment of the whole set of transverse and longitudinal acoustic vibrational modes (TAMs and LAMs) for these polyamines (Figure 3) , both for their undeuterated and N-deuterated forms [28, 33] .
Agmatine
Agmatine [4-(aminobutyl) guanidine] ( Figure 1D ), produced by decarboxylation of L-arginine, displays a wide range of physiological functions [35] , from neuromodulator [36] , to stimulator of insulin release [37] or even tumoursuppressor agent [38] [39] [40] [41] . As for other biogenic polyamines, the activity of agmatine as a transportable cation and biological effector is strongly dependent on its structural preferences, which must be determined as an essential step for understanding its diverse biochemical functions, namely its specific transport mechanism and its effect on the MPT (mitochondrial permeability transition) potential.
The conformational study developed in our laboratory aimed at a better knowledge of the role of agmatine in biological systems, namely in rat liver mitochondria [42] . Raman spectroscopy combined with DFT calculations was used [43] , The numbers refer to the TAM (A) and LAM vibrations (B).
both for the solid samples and for aqueous solutions in distinct protonation states. A complete assignment of the corresponding Raman spectra was carried out, in the light of the theoretical results and the experimental data obtained for similar polyamines.
An accurate structural characterization of the most stable geometries of agmatine in solution, under different pH conditions, was achieved: at physiological pH, the diprotonated (dipositive) species ( Figure 1D) ; at moderate alkaline pH (up to approx. 9.0), the monoprotonated (monopositive) form; and in strong alkaline medium, the totally unprotonated (neutral) molecule. Moreover, the very good agreement between the experimental and calculated vibrational data obtained for agmatine, coupled to the clear detection of the expected changes due to N-protonation in the Raman spectra, enabled an easy and unequivocal determination of agmatine's protonation states by analysis of the corresponding Raman pattern in aqueous solution.
These results allowed us to identify the agmatine structures prone to interact with the mitochondrial site responsible for its transport and for protection against MPT induction. These were found to be the dicationic species, displaying a lower negative charge in the protonated aliphatic N-terminal relative to the monopositive or neutral forms of the molecule.
Most probably, this is also the conformation to be found in the biological fluids during agmatine absorption from the diet, as well as in the cytosol, in mammalian cells. These studies are essential for the development of new agmatinebased therapeutic strategies (e.g. against drug addiction, painkilling or tumour suppressing).
Polynuclear polyamine Pt(II) and Pd(II) chelates
Several new polynuclear Pt(II) and Pd(II) polyamine chelates were synthesized in our laboratory ( Figure 1E ) and their conformational preferences determined by vibrational spectroscopy (Raman and INS) coupled to quantum mechanical calculations [44] . In order to better understand the influence of the structural features on the antineoplastic properties of these systems, they were designed to differ in one of the following parameters: type and number of metal ion(s); coordination pattern and chemical environment of the metal(s); distance between the metal centres; structural properties of the ligand(s); total electric charge.
The INS spectra were simulated from the normal mode eigenvectors yielded by DFT calculations [using the relativistic ECP (effective core potential) approximation for the representation of the metal]. Particular attention was paid to characteristic spectral regions, namely the ones comprising (i) the NH 3 torsions, (ii) the N-M-Cl and N-M-N deformations (M = Pt, Pd), and (iii) the vibrational feature characteristic of the polyamine ligands. Apart from the CH and NH torsion and deformation modes, all the oscillators involving the metal (e.g. M-N and M-Cl), both stretching and bending, were observed and assigned. Furthermore, the study allowed us to compare the low lying N-M-Cl and N-M-N deformations for both the Pd(II) and Pt(II) homologous chelates and thus determine the effect of the metal on these particular vibrational bands, which can be considered as a fingerprint of this kind of complex.
The knowledge gathered by this type of study, together with concurrent biochemical assays for the quantification of the in vitro anti-proliferative and/or cytotoxic effects of the polyamine complexes towards distinct human cancer cell lines [45] [46] [47] , may contribute to the determination of the highly sensitive SARs that underlie and control the biological function of polyamines and their metal chelates in eukaryotic organisms. This will hopefully help us to expose the molecular basis of toxicity, aiming at the design of new and more efficient anticancer agents for future clinical use.
